The present study is a part of a larger project on assessment of exposure to biological agents and respiratory health effects among metal workers. Objectives: The aim of this study was to evaluate the level of microbial contamination of metalworking coolants as a potential source of harmful biological agents in three different metal industry plants in Poland. Material and Methods: Ten samples of coolants with a different state of wear, including four fresh fluids, were analyzed. Qualitative and quantitative analysis of bacteria and mould content was performed using standard analytical methods. Bacterial endotoxin concentration was determined by the kinetic, chromogenic version of the LAL test. results: The analysis showed the total bacterial counts ranging from 1.0×10 1 CFU/ml to 3.2×10 7 CFU/ml, 60% to 100% of which were Gram-negative bacteria capable of producing endotoxins. Among the highly contaminated coolants, one unused concentrate was also found. The predominant species of bacteria was Shewanella putrefaciens present in 60% of the samples. As for moulds, the predominant species was Acremonium butyri. The average concentration of bacterial endotoxins was 773 EU/ml in the old coolants, and much lower in the fresh fluids 285 EU/ml. A correlation (r = 0.66) was found between endotoxin concentration and the number of Gram-negative bacteria detected in the coolants. conclusion: Procedures should be developed for cleaning tanks during fluid replacement to minimize the risk of bacterial growth in the coolants and limit bioaerosol emission in workplace. Due to the affinity of microflora for the water phase, it is advisable to use effective biocides with appropriate partition coefficient between the water phase and oil phase.
IntroductIon
Metalworking fluids (MWF) are commonly used in metal industry during various metal finishing technologies. The lathing, grinding, milling or drilling involve emissions of high amounts of thermal energy that may have a negative effect on the upper layer of the metal surface. MWF are used both to decrease the temperature and weaken friction, which results in more efficient performance.
Depending on technological requirements, metal-finishing processes are facilitated by fluids based on mineral oils (metalworking oils, macroemulsions and microemulsions), as well as synthetic liquids. The substances most frequently used in industry include macroemulsions, also called coolants, that are mixtures of mineral oils (2-8%) and water.
They contain hydrocarbons and other organic substrates (fats and esters among others) as well as elements such as nitrogen and phosphorus and also water, all of which are conducive to microbial growth. Moreover, the biocides added to MWF are not entirely efficient in inhibiting the development of microflora [1] . The studies conducted thus far have confirmed that coolants contain numerous species of bacteria (including pathogenic bacteria), as well IJOMEH 2007;20(4) 366 the plants under study were rarely replaced in whole. In the cases we studied, the containers in the proportioning systems were simply filled up with the emulsions, without any cleaning procedure prior to filling. Table 1 presents the cooling liquids analyzed. The detailed chemical formula of the preparations examined was not uncovered by the producers due to the trade secret. The available data sheets for the liquids in question implied that they were made of specially selected mixtures of highly refined mineral oils supplemented with surfactants, as well as various kinds of additives, such as organic corrosion inhibitors, antifoaming agents and biocides. None of the preparations was labelled with the data related to the kind and concentration of the antimicrobial agent used.
collection and transport of samples
Samples of each coolant were collected during the summer season into two 50 ml sterile containers (Sarstedt). One of them was instantly transported to a laboratory for a qualitative and quantitative analysis of bacteria and mould content. The other container was stored in a freezer at -20°C until bacterial endotoxin analysis.
Microbiological examination
The coolants were analyzed using a standard plate method. Coolant samples were used to prepare serial tenfold dilution in 0.85% NaCl and inoculated into appropriate medium. To estimate the total number of bacteria, nutrient as moulds and yeast [1] [2] [3] [4] . The presence of Gram-negative bacteria is the reason why microbial endotoxins are released to MWF -they are cell wall components [5] [6] [7] . During a rapid rotation of the metalworking tools, biological agents present in the cooling liquids are emitted in the form of droplet bioaerosols. When inhaled by industrial workers, these bioaerosols may cause negative health effects, mainly on the respiratory system [8] [9] [10] . In Poland, the most commonly used MWF include oil-inwater emulsions (macroemulsions) that have rarely been examined as the source of biological factors which may have influence on human health. The present study was a part of a larger project conducted to diagnose the level of exposure to biological agents in metal industry workers and the health consequences of such exposure. The aim of the reported study was to evaluate microbial contamination (bacteria, moulds and endotoxins) of metalworking coolants as a potential source of harmful biological agents in three industrial plants in Poland.
Materials and Methods

Metalworking fluids
The analysis included 10 oil-in-water emulsions that were used in three metallurgic plants. Six of the coolants came directly from the metal-finishing machines, and the other four were fresh liquids that had not been used for metalfinishing processes. Based on the information provided by machine operators, we found that the coolants used in 
results
The microbiological analysis showed that all the liquids that had been used in the manufacturing process contained bacteria whose number was dependent on the site the sample was collected. The highest concentration was found in plant C where the total number of bacteria reached the level of 3.2×10 7 CFU/ml, and the lowest concentration in plant A. Bacteria count in fresh fluids (sample 3 and 6) decreased by two-three orders of magnitude, compared to the samples collected from machines in operation, and it did not exceed 1.0×10 2 CFU/ml. Only in the case of one fresh coolant collected in plant C, was the bacteria count considerably high 1.7×10 6 CFU/ml, like that for old fluids. The microbiological analysis proved that Gram-negative bacteria were the predominant bacteria in the samples. In five samples, these organisms were the only active contaminating agent identified (Table 2) .
agar with glucose and nystatin was used, and the number of moulds was determined on malt extract agar with chloramphenicol (MEA, Merck). The cultures were incubated for 48 hours (bacteria) or 5 days (moulds) at 30°C [11] . Next, the colonies were counted and the results were expressed as CFU/ml (Colony Forming Units/ml) of cooler.
The outcome is the mean from three plates. Colonies grown on the media were isolated in pure cultures of microorganisms, inoculated into nutrient agar (bacteria) or Czapek Dox agar (moulds) and incubated as above. Bacterial identification was conducted according to standard procedures of biochemical test API 20E, API 20NE and API STAPH (BioMerieux). Mould identification was based on morphological features [12, 13] . 368 liquids to over 9500 EU/ml for the old liquids in use. The highest concentration levels were found in plant C, where they were from several to over 700 times as high as in the other sites where the samples were collected. The coolants coming from this plant were also highly contaminated with Gram-negative bacteria. Plant C was the only place where a fresh, unused liquid was severely contaminated with endotoxins, at the concentration level many times exceeding that found in other coolants coming from machines in use at the other plants (Fig. 1) . The comparison of average endotoxin concentrations for fresh and old liquids yielded the values of 285 and 1773 EU/ml.
analysis of bacterial endotoxins
Moulds were present in four old coolants and the highest concentration was found in plant B. The other coolants were entirely free from moulds. The qualitative analysis made it possible to isolate 10 species of bacteria in total, including five Gram-negative bacteria, and three mould species. Thus identified bacteria varied depending on the origin of the coolant. In the old coolant collected in plant A, the predominant species were sporulating bacteria from the Bacillus and cocci Micrococcus genera. Only one sample coming from the same plant contained Gram-negative bacteria Seratia ficaria.
As for the coolants used in a cylindrical grinder in plant B, the following microflora were isolated: Staphylococcus warneri (Gram-positive bacteria), Streptomyces (actinomycetes) and Shewanella putrefaciens (Gram-negative bacteria). The latter species prevailed in the second fluid coming from the body grinder, as well as in the concentrate used to prepare emulsions. Shewanella putrefaciens was the predominant bacterial microflora both in the case of old and fresh coolants gathered in plant C and they made up from 85 to 95% of the general number of microorganisms. The species Shewanella putrefaciens was present in six out of ten samples, constituting 60% of all the bacteria identified in our study. We also found that the samples were contaminated with Gram-negative bacteria belonging to the Enterobacteriaceae family. They were detected in all the samples from plant C (Brenneria nigrifluens and Citrobacter freundi) and in one sample from plant A (Serratia ficaria). The mould microflora identified was much poorer and was represented by three species, two of which belonged to the genus Acremonium and were detected in all the coolants contaminated with moulds. Moreover, in one sample we found Verticillium tenerum. The prevalence of bacteria and mould species is shown in Table 3 . The composition of bacterial microflora, and the predominance of Gram-negative bacteria in particular, indicated that these microorganisms might be a source of endotoxins emitted to the environment. The analysis of the contamination with bacterial endotoxins revealed a very broad range of concentrations varying from 0.25 EU/ml for fresh 369 The number of microorganisms detected in old coolants did not correlate with the time the coolants had been used (after the last filling). The reason for this lack of correlation might be the way in which the coolants were topped up. The filling procedure consists in pouring fresh liquid onto a certain amount of the old liquid left, with no cleaning procedure of the proportioning system beforehand. This practice is very common in metallurgic plants in Poland as it is cost-efficient. Thus, we suggest that the period of use should not be regarded as the diversification variable. Instead, only the division into fresh and old coolants should be considered. The predominant species among the isolated bacteria were Gram-negative bacteria. In six of the coolants these were the only microflora discovered. [18] , and Anderson et al. [19] , the most prevalent micro- [19] , the most prevalent microorganisms inhabiting the coolants were bacteria belonging to the genus Pseudomonas. However, we did not find these microorganisms in the course of the present study. Nevertheless, the detected microflora is quite typical for the environment of coolants -the presence of Shewanella putrefaciens, Brenneria nigrifluens, Citrobacter freundi and Aeromonas salmonicida has been confirmed by numerous literature reports [2, 5, 20] . The probable source of bacterial contamination of the coolants may be the water used to prepare them, and the sediments gathering in the cooling system, as well as air pollution during machine operation. As for plant C, the microorganisms had already been introduced with the fresh liquid which was highly contaminated with bacteria. Also in the other cases, the qualitative composition of microorganisms was the same. Similar organisms were identified both in the fresh liquids and the emulsions prepared on their basis. However, their concentration was not high (e.g. Shewanella putrefaciens in plant B). These organisms multiplied and dominated the environment in the emulsions throughout a longer usage. Bacterial growth in the coolants may account for organoleptic changes, emulsion stratification and biofilm
The correlation coefficient between the number of Gramnegative bacteria in the samples and endotoxin concentration equalled 0.66 (Fig. 2) . The chart presents only the measuring points corresponding to low concentrations of the study parameters.
discussion and conclusions
The findings of the present study indicate that metalworking coolants constitute an environment conducive to microbial growth. The liquids examined were inhabited mostly by bacteria. The number of bacteria in the liquids in use ranged from 10 4 to 10 7 CFU/ml, this value being comparable with the findings reported by other authors. According to Laitinen et al. [5] , average concentrations of viable bacteria equalled from 10 5 to 10 8 CFU/ml, with the highest concentration level of 10 10 CFU/ml. Similar ranges are also quoted by Woskie et al. [14] and Foxal-VanAken et al. [15] . The coolants examined were considerably less contaminated with moulds. The numbers of these organisms ranged from 1.0×10 1 CFU/ml to 5.7×10 3 CFU/ml. These results are consistent with the data presented by Zyska and Żakowska [16] according to which, the number of moulds in the coolants analyzed in Poland in 1979, 1984 and 2001, did not exceed 3.0×10 3 CFU/ml. As Prince and Morton [17] pointed out, mineral coolants, which were also subject to analysis in our project, are less susceptible to mould growth than emulsions containing synthetic oils. referred to a single measurement, it was disregarded while defining the correlation coefficient.
In conclusion, the results of our study indicate that the concentration of microorganisms in metalworking fluids did not correlate with the state of wear, but the levels of bacteria, moulds and endotoxins in the fresh, unused coolants were much lower than in the used ones. Microbial contamination of the coolants, especially with Gram-negative bacteria, not only has a negative effect on the working properties of these fluids, but can also pose a health hazard to the workers handling them. Of special concern are endotoxins which exhibit the pro-inflammatory potential. When the metalworking tools are in use, bacteria and endotoxins in the coolants are released as bioaerosols that are inhaled by machine operators thus causing adverse health effects, particularly on the respiratory system [8] [9] [10] .
It is essential to take up actions aimed at minimizing the risk of microbial growth, such as cleaning the tanks during liquid replacement to limit the emission of bioaerosols in workplace. Due to the affinity of the microorganisms for the water phase, it is advisable to use efficient biocides with appropriate partition coefficient between the water phase and oil phase. formation that may result in the clogging of the circulation system and hamper the technological processes. Shewanella putrefaciens, found in most samples, may contribute to metal reduction and biodegradation of hydrocarbons, related mainly to alkanes [21] , which may lead to unfavourable changes in the coolants' functional properties. One of the possible causes of microbial growth is that the tanks in which the coolants are stored are neither emptied nor cleaned regularly. The mould microflora present in the liquids examined in our study was very poor. Shewanella putrefaciens can also be a potential factor causing infections in the exposed workers [22] . Only three species of moulds were found; they belonged to Acremonium and Verticillium genera. This finding is congruent with the results obtained by Prince and Morton [17] and Van der Gast et al. [23] who isolated mainly Fusarium solani and Acremonium from synthetic oils. The analysis of endotoxin contamination related to the environments considered in our study showed the maximum concentrations of these cell components in plant C, both in the old and fresh liquids. The endotoxin concentrations in this plant amounted to 682 and 9578 EU/ml in old liquids and 1023 EU/ml in the fresh one. As for the other sites, the contamination was lower and did not exceed 203 EU/ml. These values are comparable or lower than those reported by Park et al. [6] and Laitinen et al. [5] . Microbial and endotoxin contamination of the fresh, unused cooler from plant C may have been due to the way this cooler was stored. It was not kept in the original container, but in a substitute, untight tank that had never been cleaned before. The correlation coefficient between the number of Gram-negative bacteria and endotoxin concentration equalled 0.66 (Fig. 2) . This value is similar to the result obtained by Laitinen et al. [5] . Such a low correlation may due to the fact that the microbiological tests we used defined only the number of viable bacteria, whereas endotoxins remain in the environment even if there are no active cells left. As regards one measuring point that was not included in the evaluation of the correlation (sample 8), both the number of Gram-negative bacteria and endotoxin concentration were significantly high. However, since this finding
